Autosomal dominant diabetes in the Akita mouse is caused by mutation of the insulin 2 gene, whose product replaces a cysteine residue that is engaged in the formation of an intramolecular disulfide bond. These heterozygous mice exhibit severe insulin deficiency despite coexpression of normal insulin molecules derived from three other wild-type alleles of the insulin 1 and 2 genes. Although the results of our previous study suggested that the mutant proinsulin 2 is misfolded and blocked in the transport from the endoplasmic reticulum to the Golgi apparatus, its dominant negative nature has not been fully characterized. In the present study, we investigated the possible pathogenic mechanisms induced by the mutant proinsulin 2. There is no evidence that the mutant proinsulin 2 attenuates the overall protein synthesis rate or promotes the formation of aberrant disulfide bonds. The trafficking of constitutively secreted alkaline phosphatase, however, is significantly decreased in the islets of Akita mice, indicating that the function of early secretory pathways is nonspecifically impaired. Morphological analysis has revealed that secretory pathway organelle architecture is progressively devastated in the ␤-cells of Akita mice. These findings suggest that the organelle dysfunction resulting from the intracellular accumulation of misfolded proinsulin 2 is primarily responsible for the defect of coexisting wild-type insulin secretion in Akita ␤-cells. Diabetes 52: 409 -416, 2003 
D
efective folding of membrane-bound and soluble proteins is known to be the basis of many inherited diseases (1) . Synthesized cargo proteins are first inserted into the endoplasmic reticulum (ER) and are folded with the assistance of a diverse range of ER chaperones. Genetic alterations in the coding sequence affect the folding of cargo proteins and cause either recessive or dominant diseases. Although the basis for the pathogenesis of diseases with recessive inheritance are understood as a deficiency of functional molecules, the mechanism of dominant inheritance is not fully understood.
The Akita mouse, which harbors the autosomal dominant mutation Mody, shows hyperglycemia with notable pancreatic ␤-cell dysfunction (2) . We recently demonstrated that a mutation in the insulin 2 gene (Ins2; Cys96Tyr) that results in a disruption of an intramolecular disulfide bond is responsible for the phenotype of the Akita mouse (3) . The mutant proinsulin 2 is thought to be improperly folded based on the following observations (3) . First, the expression levels of ER-resident chaperones, such as BiP and protein disulfide isomerase, are increased in the ␤-cells of Akita mice. The transcriptional induction of ER chaperone genes is a well-known response to misfolded proteins and is termed "the unfolded-protein response" (4, 5) . Second, electron microscopic analysis of the ␤-cells has revealed that the lumina of ER-like organelles are markedly enlarged and have a more electrondense appearance, suggesting that misfolded proinsulin 2 is trapped and accumulated. Third, exogenously expressed mutant proinsulin 2 is scarcely secreted from CHO cells in contrast to the wild type, presumably consequent to action of the quality control mechanisms that normally allow only properly folded proteins to exit the ER and progress in the secretory pathway (6) . Furthermore, recent physicochemical and structural analyses of insulin analogs lacking the A7ϪB7 disulfide bond show that the linkage is crucial for maintaining the native conformation and biological activity (7, 8) . All these findings indicate that C96Y proinsulin 2 is misfolded and evokes so-called conformational diseases (1) . The diabetic phenotype of heterozygous Akita mice, however, cannot be simply explained by the selective secretion block and degradation of mutant proinsulin 2, because there are coexisting normal insulin molecules derived from three other wild-type alleles of insulin 1 (Ins1) and 2 genes. If these normal insulin molecules are secreted efficiently, severe glucose intolerance and insulin deficiency should not occur in Akita mice. Although there is no gross defect in transcription from the wild-type insulin alleles in the ␤-cells of Akita mice, the protein levels of proinsulin and insulin are diminished to such a degree that the loss of only mutant insulin could not account for it (3) .
It has recently been shown that the number of apoptotic cells in islets of Akita mice is much larger than in control islets and that targeted disruption of the CHOP/Gadd153 gene ameliorates the diabetes of Akita mice (9) . The CHOP gene encodes a transcription factor that promotes apopto-sis in response to ER stress (10, 11) . Thus these findings indicate that the CHOP-dependent cell death pathway involves the pathogenesis of diabetes in Akita mice. It is notable, however, that a background null mutation in CHOP only delays the onset, but does not prevent the eventual development of diabetes in heterozygous Ins2 WT/C96Y Akita mice (9) . Furthermore, it does not produce any beneficial effects on the diabetic phenotype of homozygous Ins2 C96Y/C96Y mice, despite the fact that loss of both copies of Ins2 is fully compensated for by Ins1 (12) . Therefore, CHOP-independent cell death pathways or other unrelated mechanisms causing ␤-cell dysfunction in Akita mice must exist.
In the present study, we investigated several pathogenic mechanisms that may occur in the ␤-cells of Akita mice, at the molecular, organellar, and cellular levels. We demonstrated a significant decrease in the transport efficiency of secretory alkaline phosphatase (SEAP), which is completely unrelated to insulin and is secreted in a constitutive manner. Furthermore, we observed a deterioration of organelle architecture that universally and progressively occurs in ␤-cells. These findings indicate that mutant proinsulin 2 in Akita mice causes generalized organelle dysfunction in the secretory pathways of individual ␤-cells.
RESEARCH DESIGN AND METHODS
Mice and pancreatic islet preparation. All animal experiments were performed in accordance with the rules and regulations of the Animal Care and Experimentation Committee, Gunma University, Showa Campus. Heterozygous Akita mice (C57BL/6 background) and control C57BL/6 mice were bred and fed as previously described (3) . Pancreatic islets were isolated by pancreatic duct injection of collagenase solution, as previously described (3) . DNA constructs and site-directed mutagenesis. Mouse Ins2 cDNA that harbors both C96Y and C31A mutations was prepared as previously described (13) . Two DNA fragments that overlap the mutation site C31A were amplified with the primers (5Ј-GCCAAGCTTAAGTGATCCGCTACAATCAA-3Ј and 5Ј-GTGCTGCTTGACAAAAGCCT-3Ј; and 5Ј-CAAGCAGCACCTTGCTGGTTCCCA CC-3Ј and 5Ј-GCGGGATCCATCGATGCTCATTCAAAGGTTTTATTC-3Ј) using Ins2 C96Y cDNA as a template. The resultant products were digested with HindIII and Fnu4HI and with Fnu4HI and BamHI, respectively, and were ligated together into the HindIII and BamHI sites of the pcDNA3 vector. CHO cell lines expressing wild-type or mutant insulin genes. Transfections were performed using Lipofectamin 2000 reagent (Invitrogen, Groningen, the Netherlands). Except for the clones w9 and a7 as previously described (3), the CHO cell clones labeled "w," "a," and "d," which express wild-type, C96Y single mutant, and C96Y and C31A double mutant mouse insulin 2, respectively, were newly established in the presence of 0.8 mg/ml Geneticin (Sigma Chemical, St. Louis, MO). Proinsulin in cell extracts and the media were analyzed by immunoblotting using guinea pig anti-rat C-peptide antibodies (Linco Research, St. Charles, MO), as previously described (3). Two-dimensional gel electrophoresis. One-and two-dimensional SDS-PAGE was performed to study nascent chains, as previously described (14), with modifications. Nonreduced immunoprecipitate samples were loaded in the first-dimension gel. After electrophoresis in the first dimension, each gel strip was incubated in sample buffer containing 100 mmol/l dithiothreitol at 95°C for 10 min and placed on top of the second-dimension slab gel. Secretion assays of insulin and SEAP. Isolated pancreatic islets were cultured overnight in RPMI 1640 medium supplemented with 10% FCS, 100 units/ml penicillin, and 100 g/ml streptomycin. The islets were infected with the recombinant adenovirus encoding SEAP (15) at 100 multiplicity of infection (assuming that one islet contained 1,000 cells) in 0.5 ml medium for 1 h and then further cultured in a 6-cm dish for 24 h. Then 20 islets were transferred to a microcentrifuge tube and incubated for 30 min in modified Krebs-Ringer buffer (120 mmol/l NaCl, 5 mmol/l KCl, 24 mmol/l NaHCO 3 , 1 mmol/l MgCl 2 , 2 mmol/l CaCl 2 , 15 mmol/l HEPES [pH 7.4], and 0.1% BSA). The islets were then incubated for 30 min in the same buffer, followed by 30 min in the buffer modified to include high K ϩ (60 mmol/l KCl, 65 mmol/l NaCl). At the time of each medium change, the islets were sedimented by centrifugation at 800g for 5 min, and the media were collected and again centrifuged for 5 min to remove any cell debris. Immunoreactive insulin was measured using guinea pig anti-porcine insulin antibodies, as previously described (3). The SEAP assay was performed according to the method described previously (16) . Cell extracts were sonicated for 10 s and centrifuged for 10 min at 10,000 rpm. Samples (media and cell extracts) were heated at 65°C for 5 min to inactivate the endogenous phosphatases, transferred to new tubes, and diluted to 200 l with SEAP buffer (1 mol/l diethanolamine, 0.5 mmol/l MgCl 2 , 10 mmol/l L-homoarginine). After preincubation for 10 min at 37°C in a 96-well plate, the SEAP substrate (20 l of 120 mmol/l p-nitrophenyl phosphate; Sigma Chemical) was added to the samples. The light absorbance at 405 nm (A 405 ) was measured using an enzyme-linked immunosorbent assay microplate reader (MTP500; Corona Electric, Hitachi, Japan). Electron microscopy. Mice were anesthetized and perfused transcardially for 20 min with 2% glutaraldehyde-2% paraformaldehyde in 0.1 mol/l phosphate buffer (pH 7.4), and immersed for 1 day at 4°C in the same buffer. Tissue preparation and electron microscopy were performed as previously described (3). Transferase-mediated dUTP nick-end labeling assay. Mice were perfused for 15 min with 4% paraformaldehyde in 0.1 mol/l phosphate buffer (pH 7.4). The pancreata were further fixed in the same solution at 4°C overnight and embedded in paraffin. Serial paraffin sections (4 m thick) were prepared. Apoptotic cells were detected by transferase-mediated dUTP nick-end labeling (TUNEL) assay using the fluorescein-apoptosis detection kit from Promega (Madison, WI). Only after the whole islet was examined in the serial sections were the apoptotic cells counted and included in the assay. Islets Ͻ50 m in diameter were not included.
RESULTS
Effect of a proteasome inhibitor on proinsulin turnover in CHO cells. Misfolded secretory proteins undergo retrograde translocation from the ER and are then hydrolyzed by the ER-associated ubiquitin-proteasome system (17) . To examine whether the C96Y mutant proinsulin 2 found in Akita mice is indeed misfolded and degraded by the proteasome, CHO cell lines expressing Ins2 WT or Ins2 C96Y were pulse-labeled with [ 35 S]methionine, and the effect on intracellular proinsulin turnover of lactacystin, which is a specific and potent inhibitor of the proteasome (18), was investigated. Because nonendocrine CHO cells lack prohormone conversion endopeptidase to process proinsulin to insulin and secretory granules to store insulin, proinsulin that is synthesized and folded in the ER is constitutively secreted, which makes it possible to directly measure the transport efficiency of proinsulin from the ER to the Golgi apparatus. We previously demonstrated that the C96Y mutant proinsulin 2 is secreted at much lower levels than the wild type in these cells (3) (see also respectively ( Fig. 2 , lanes 1 and 6). Lactacystin facilitated the retention of C96Y proinsulin 2 in cells after the chase for 2 and 8 h, although the same treatment had a negligible or weak effect on the wild-type proinsulin 2. We could not estimate the fraction of proinsulin that was actually degraded because quantitative immunoprecipitation was difficult from the media containing FCS, which must be included during the chase to keep the cells active for protein synthesis. Nonetheless, differences in the effect of lactacystin on the intracellular turnover of wild-type and mutant proinsulin 2 suggested that a significant portion of nascent C96Y proinsulin 2 was misfolded and degraded by the proteasome. Protein synthesis levels in CHO cells and pancreatic islets expressing mutant insulin. The selective degradation of mutant proinsulin 2 by the proteasome, however, does not explain the profound reduction in protein levels of coexisting wild-type proinsulin and insulin in Akita ␤-cells (3). The presence of misfolded proteins in the ER elicits coordinated controls of gene transcription and translation to relieve the demands made on the organelle (4, 5) . One of these responses consists of a repression of protein synthesis that involves phosphorylation of the ␣-subunit of eukaryotic initiation factor-2 by an ER-resident kinase, PEK/PERK (19, 20) . A profound translational attenuation might decrease the synthesis of insulin itself or of other molecules that are required for the integrity of host cells, thereby affecting insulin secretion in Akita ␤-cells. Neither proinsulin nor overall protein synthesis rates, however, were decreased in CHO cells expressing Ins2 C96Y compared with those expressing Ins2 WT (Fig. 2,  lanes 1 and 6, and Fig. 3A) . Furthermore, the overall protein synthesis rate in islets isolated from Akita mice was not decreased (Fig. 3B) . The amount of radiolabel incorporation into acid-insoluble materials in Akita islets was increased 2.9-fold compared with that in control islets. The apparent increase in protein synthesis may have been caused by the chronic exposure of Akita islets to hyperglycemia in vivo. These findings preclude the possibility of a profound reduction in protein synthesis by mutant proinsulin 2. Intramolecular and intermolecular disulfide bond formation of proinsulin 2. The presence of disulfidebonded proinsulin aggregates in Akita islets was previously suggested because a high level of anti-C-peptide immunoreactivity was preferentially recovered at the boundary between stacking and resolving gels under nonreducing conditions, although it was also found at a lower level in control islets (3) . We investigated the formation of disulfide bonds involving wild-type and mutant proinsulin using a two-dimensional SDS-PAGE system described elsewhere (14) . Labeled material just below the diagonal that migrated to the position corresponding to the molecular weight of monomeric proinsulin 2 was found in both wild-type and C96Y proinsulin 2 immunoprecipitates (Fig.  4A , arrowheads with "m"), consistent with the presence of intramolecular disulfide bonds. Just above these spots, several other radiolabeled products that are considered to be proinsulin oligomers or proinsulin cross-linked to other proteins were observed (Fig. 4A, arrowheads with  asterisks) . Although the quenching method with N-ethylmaleimide might not fully preclude thiol-disulfide rearrangement during the trapping procedure, the overall patterns of radioactive spots were not significantly different between wild type and mutant proinsulin 2. Moreover, incubation with lactacystin during the chase period to prevent the degradation of misfolded proinsulin molecules did not change the overall patterns (data not shown), suggesting that these intermolecular disulfide bonds can eventually be reduced and corrected before exporting from the ER to the proteasome.
The expression levels of the insulin gene in our CHO cell clones were much lower than those in the pancreatic islets (data not shown). The low concentration in the ER might have prevented the mutant proinsulin from forming aberrant intermolecular disulfide bonds in CHO cells. To exclude this possibility, we next performed the same analysis using isolated pancreatic islets. Radioactive spots containing intermolecular disulfide bonds were clearly observed in the control islets (Fig. 4B) , suggesting that these bonds are physiologically formed during the normal folding process of proinsulin. Although the radioactivity associated with these spots appeared higher in Akita islets than in control islets (Fig. 4B) , the quantitative comparison was difficult because of the inefficient processing and secretion of C96Y mutant proinsulin 2 (3) and the higher protein synthesis rate in Akita islets (Fig. 3B ). To minimize this difference, the islets were incubated with brefeldin A, which induces disassembly of the Golgi apparatus and thereby inhibits protein secretion (21) . These experiments confirmed that there were no distinct differences in the formation of intermolecular bonds between wild-type and C96Y proinsulin (data not shown). Thus, a thiol-mediated mechanism is unlikely to account for the retention and degradation of coexisting wild-type proinsulin in Akita ␤-cells.
To substantiate this notion, we constructed a mouse insulin 2 cDNA whose protein product harbors both C96Y (A7) and C31A (B7) mutations and expressed it in CHO cells. We reasoned that if the double mutations that eliminate free cysteine residues improve the secretion efficiency, then the formation of mispaired intra-or intermolecular disulfide bonds is responsible for the secretion block of the single C96Y mutant proinsulin 2. As we reported previously (3), C96Y proinsulin 2 was barely secreted into the media, in contrast to the wild type (Fig.  5) . The double mutant proinsulin 2 was even less efficiently secreted than the single mutant, suggesting that the generation of unpaired cysteine is not responsible for the block in secretion of the single cysteine mutant.
Effect of mutant proinsulin on the trafficking of SEAP.
Given that proinsulin is a predominant protein product in ␤-cells, accumulation of nondegraded, misfolded proinsulin may clog the secretory pathway and lead to a reduction in the traffic of other critical secretory molecules. To explore this possibility, we expressed SEAP in isolated islets by recombinant adenovirus and measured its transport efficiency. The islets were incubated for 30 min under the basal condition and then for another 30 min in the presence of high K ϩ , and the immunoreactive insulin and SEAP enzyme activity were quantified. As expected, Akita islets showed significantly reduced insulin secretion in both the basal and high K ϩ Ϫstimulated state compared with control islets (Fig. 6A) . The fold stimulation elicited by high K ϩ , however, was not significantly different between these two islets (approximately fivefold). It should be noted that our anti-insulin antibodies do not react with the mutant form (3). Thus these findings indicated that coexisting wild-type insulin in Akita islets was normally secreted in a regulated fashion once it reached the secretory granules, although the absolute amount of insulin secreted was decreased. SEAP was secreted at a much higher level under the basal condition and was increased only 1.3-fold upon stimulation in control islets (Fig. 6B) , indicating that it is secreted largely in a constitutive manner, as previously reported (15) . The secretion efficiency of SEAP in Akita islets was significantly decreased (58 -60% of control islets) under both the basal and stimulated conditions. This value of inhibition is an underestimate, however, as Akita islets contain relatively fewer ␤-cells (3) and are inevitably less pure because of deformation and denaturation (ϳ30% of acinar, fat, and vascular cells are contaminated). Thus a relatively higher contribution from healthy non-␤-cells in Akita islet preparations should augment the apparent SEAP transport efficiency. The reduction of SEAP transport suggests general and nonspecific dysfunction of organelles in secretory pathways. Morphological changes in the ␤-cells. Because the secretion efficiency of SEAP is measured as the ratio of the amount in media to cells, its decrease in Akita islets cannot be explained by the reduction of islet cell mass, but instead should reflect the dysfunction of the individual cell. To substantiate this hypothesis, we next examined the morphology of ␤-cells from mice of different ages by Note that the wild-type proinsulin 2 is secreted more efficiently than the mutant proinsulin 2, despite the lower expression levels in the cells (see Fig. 1 ).
electron microscopy. Control ␤-cells from mice at age 4 weeks were already equipped with numerous granules and mitochondria ( Fig. 7a and b) . At this age, when glucose levels begin to increase in Akita mice, ␤-cells had a much denser appearance, reflecting a reduced area of granule halos and enrichment of distended ER-like structures ( Fig.  7c and d) . In contrast, these morphological changes were not seen in adjacent non-␤-cells (Fig. 7c) . The lumina of ER-like organelles were progressively enlarged with age ( Fig. 7e and f) . Control ␤-cells from mice at age 18 weeks still bore abundant granules and mitochondria ( Fig. 7g and  h) , whereas the cytoplasm of Akita ␤-cells was filled with vacuole-like structures, which comprise distended ER-like organelles and granules with remnant dense cores (Fig. 7i  and j) . Notably, the mitochondria were often swollen and denatured without distinct cristae, and enlarged lysosomes were often visible. The devastating changes in the organelle architecture were universally seen in Akita ␤-cells (see adjacent ␤-cells in Fig. 7c, e, and i) . These morphological findings support the general and nonspecific impairment of secretory pathways of Akita ␤-cells, which is consistent with reduced SEAP transport. Apoptosis of ␤-cells. High levels of ER stress can initiate cell deathϪinducing signals in higher eukaryotic cells (4, 22) . We examined TUNEL-positive ␤-cells in Akita and control mice (Fig. 8) . There was a slight increase in TUNEL-positive ␤-cells in Akita mice at age 13 weeks: 20 apoptotic ␤-cells in 43 Akita islets (0.47 per islet) versus 7 apoptotic ␤-cells in 52 control islets (0.15 per islet). The number of apoptotic cells is expressed per whole islet examined three-dimensionally in each 4-m serial section. Thus, the frequency of apoptotic events was fairly low, even in Akita ␤-cells. Although we also examined the pancreata from mice at ages 4 and 18 weeks, most islets again contained no or only a single TUNEL-positive cell, irrespective of age (data not shown, but see Fig. 8 ). Hoechst dye staining of nuclear chromatin consistently showed barely detectable levels of condensed or fragmented nuclear chromatin, which is a morphological characteristic of apoptotic cells, in either control or Akita ␤-cells (Fig. 8) . Furthermore, electron microscopic analysis identified no nuclei having an apoptotic appearance (Fig. 7 ).
DISCUSSION
The mechanism by which the mutant manifests its pathology and affects the function of coexpressed wild-type protein remains uncharacterized, not only for diabetes in Akita mice but also for other dominant conformational diseases in humans. Several dominant-negative mechanisms have been postulated, such as a block in the synthesis of wild-type protein, aberrant interactions between mutant and wild-type precursors (the formation of inactive heterodimers), and cytotoxicity by mutant protein leading to the death of expressing cells.
Although there were theoretical grounds for expecting a decrease in protein synthesis in cells expressing the mutant proinsulin, this was not substantiated by the present results. Furthermore, again contrary to theoretical expectations, there was no major increase in cross-linked homoor hetero-oligomers of the mutant proinsulin. Instead, we found that a fraction of wild-type proinsulin was degraded by the proteasome and, more surprisingly, that intermolecular disulfide bonds were formed during its normal folding process. These findings suggest that a portion of nascent wild-type proinsulin is misfolded, and that ␤-cells are continuously in a situation close to ER "overload." Several point mutations that result in amino acid substitutions within the proinsulin molecules are known in humans, although those involving disulfide bonds have not been reported (23) . Minor conformational changes of these human mutant proinsulins may induce ␤-cell dysfunction in the long term. If a portion of misfolded protein is not successfully degraded and is gradually accumulated, it accounts for the delayed onset and autosomal dominant mode of inheritance of the disease.
It is possible that the intermolecular disulfide bonds observed in the two-dimensional SDS-PAGE analyses may represent links transiently formed during the physiological folding process between nascent proinsulin and molecular chaperones, such as protein disulfide isomerase, as previously shown for viral glycoproteins (24) . The lack of discernible differences in the formation of these bonds between wild-type and C96Y proinsulin supports this idea, and also suggests that the cysteine at B7 in the mutant is left unpaired and is not actively involved in the formation of a tangle of disulfide isomers. However, considering the recent structural analyses of insulin analogs lacking the A7ϪB7 disulfide bond (7, 8) , the mutant proinsulin is likely to exhibit significantly enhanced exposure of nonpolar side chains, leading to aberrant self-association, even in the absence of disulfide bridges. This might account for the increased electron-dense deposits in the ␤-cells of Akita mice.
ER stress can initiate cell death pathways (4, 22) . Indeed, it has been shown recently that apoptosis is increased in ␤-cells of Akita mice at age 4 weeks and that overexpression of Ins2 C96Y induces apoptosis in the ␤-cell line MIN6 (9) . We also detected a slight increase in apoptosis in Akita ␤-cells, but with a much lower frequency (Ͻ 1 cell per islet) than that reported previously (10 -11 cells per islet) (9) . Furthermore, electron microscopic analysis revealed no nuclear chromatin condensation or fragmentation, but instead necrotic-like features, such as mitochondrial swelling and dilation of ER-like organelles (25) . These findings cannot, however, be taken to indicate that apoptosis is not a major cause of increased ␤-cell death in the Akita mouse, because it has been established by others (26) that apoptotic cells are cleared rapidly by macrophages in vivo. Massive intracellular accumulation of misfolded proinsulin may affect the function of organelles in secretory pathways and interfere with the transport of other critical biosynthetic cargo (including integral membrane proteins). In fact, we found a partial but significant reduction in SEAP transport in Akita islets. The impairment of SEAP transport, which occurs through a constitutive secretory pathway, is consistent with the notion that misfolded proinsulin is accumulated in the early secretory pathway, before the trans-Golgi network, where SEAP is differentially sorted out from proinsulin. Even a partial blockade of SEAP transport implies general, wide-ranging dysfunction of secretory organelles, given that SEAP is considered properly folded and completely unrelated to insulin. It has recently been shown in yeast that some misfolded secretory proteins are not statically retained in the ER, but are dynamically packaged into COPII vesicles, transported to the Golgi apparatus, and retrieved via the retrograde transport pathway (27) . Furthermore, degradation of these misfolded secretory proteins is shown to require transport between the ER and Golgi components (27, 28) . Therefore, the reduction in dynamic transport between the ER and Golgi, as suggested by our SEAP secretion assay, may further augment the accumulation of misfolded proteins. Alternatively, the number of vesicles budding from the ER may be reduced by expression of mutant proteins, as was previously shown in the case of a temperature-sensitive mutant of vesicular stomatitis glycoprotein and the PiZ variant of human ␣1-antitrypsin (29) . The functional impairment of secretory pathways correlates with the morphological changes of Akita ␤-cells. Our electron microscopic analysis revealed a progressive deterioration of organelle architecture: distension of ER-like structure, a decrease in secretory granules, and swelling and denaturation of the mitochondria. It should be noted that these morphological changes were already detected in mice at age 4 weeks, when glucose intolerance develops in Akita mice. Our findings are consistent with the proposition that incorrectly folded proteins could interfere with the transport of other biosynthetic cargo molecules and thus exert a dominant effect on them.
In summary, the overall reduction of SEAP transport and the universal devastation in Akita mouse ␤-cell organelle architecture strongly suggest that these functional and morphological changes precede final sporadic cell death. Thus we propose that progressive organelle dysfunction of individual ␤-cells is primarily responsible for the disease phenotype of Akita mice. Further detailed analysis of the organelle function at each transport step in Akita ␤-cells should provide a valuable basis for the pathogenesis of other dominantly inherited conformational diseases in humans.
